Ultra small angle X-ray scattering (USAXS) experiments in the q-range (10 À4 -0.2 A) were performed to determine the structure of iron oxide NPs in situ synthesized inside semi-interpenetrating polymer networks (semi-IPNs) of linear alginate and crosslinked poly(N-isopropylacrylamide) (PNiPAAm).
Introduction
The hybrids comprising of inorganic and organic materials have attracted intensive attention lately because of their great versatility and easy fabrication for the demands of modern materials by combining important properties into a single composition system through tuning and tailoring of functionalities.
1,2 The use of polymeric networks as templates for the growth of inorganic nanoparticles constitutes a powerful method to synthesize hybrid materials because polymer organic matrixes provide chemically and spatially confined environments that control the nanoparticles size and their aggregation. [3] [4] [5] [6] [7] [8] In this context, it has been demonstrated that hydrogels derived from polysaccharides are effective templates for the in situ synthesis of iron oxide NPs. This is mainly because some of them can interact with the iron nanoparticles thus preventing their diffusion into the solution in which the gel is immersed. 9, 10 An example of this is alginate, a polysaccharide extracted from brown algae, 11 that has been extensively employed to precipitate iron oxide NPs in order to obtain ferrogels and ferrofluids with response to magnetic fields.
12-14 Ferrogels consisting of iron oxide nanoparticles (NPs) embedded in polymer gels that respond to external magnetic stimuli are increasingly used in biosciences and medicine as hyperthermia agents for cancer therapy or magnetically targeted carriers of drugs.
15-19
We have recently described a method to obtain ferrogels with response to temperature and magnetic fields, in which the iron oxide NP synthesis is carried out through coprecipitation of iron salts in alkaline solutions inside semi-IPNs constituted of linear alginate and crosslinked poly(N-isopropylacrylamide). 20 The loading procedure can be repeated in order to increase the iron oxide NPs volume fraction. It has been demonstrated that the synthesis 'in situ' of iron oxide NPs in Alg-PNiPAAm semi-IPNs greatly increases the porosity of the resulting semi-IPNs due to the partial hydrolysis of the alginate chains. This facilitates the hydrophobic interactions between the PNiPAAm isopropyl groups thus lowering the lower critical solution temperature (LCST) and improving the deswelling rate of the resulting networks with respect to pure PNiPAAm. In addition, the synthesis in situ of iron oxide NPs inside AlgPNiPAAm semi-IPNs allows on the one hand controlling the polydispersity of the iron oxide NPs when compared to the reaction carried out in an alginate solution. 20 In this way, the polymeric gel acts as a spatial framework to control the iron oxide NPs size distribution. Besides, the diffusion of the iron oxide NPs out of the Alg-PNiPAAm semi-IPNs is prevented due to the establishment of interactions between the iron oxide NPs and the polymer matrix. However, the nature of these interactions is not well understood. Some studies have reported that both Fe 2+ and Fe 3+ can be coordinated to the carboxyl groups in alginate and that such binding may lead to iron-mediated crosslinking of different alginate molecules. 21, 22 Another possibility is that the iron oxide NPs are simply 'packed' in the Alg-PNiPAAm semi-IPNs without interaction with the polymer chains. In this study we seek to elucidate the role of the alginate content on the establishment of interactions between the iron oxide NPs and the polymer matrix on the one hand and, on the other hand, on the structural organization of iron oxide NPs synthesized in situ. To achieve this aim, we will consider two model series of semi-IPN of alginate and PNiPAAm with two different alginate contents (0.5 and 1 wt%) subjected to a varying number of oxidation cycles (1 to 3). Swelling and rheological measurements will be employed to asses the influence of the iron oxide NPs on the reinforcement of the polymer semiIPNs as well as to determine the presence of interactions between the iron oxide NPs and the polymer matrix. The structural organization of the iron oxide NPs synthesized in situ will be carried out through ultra small X-ray scattering (USAXS) as the main experimental probe to determine the characteristics of aggregates and primary particles using the unified fitting equation.
Experimental part

Materials
N-Isopropylacrylamide (N-AAm), the initiator potassium persulfate, the crosslinker N,N 0 -methylene bisacrylamide (Bis), ferrous chloride (FeCl 2 *4H 2 0), ferric chloride (FeCl 3 *6H 2 O) and alginic acid sodium salt from brown algae (65-70% guluronnic acid and M w ¼ 100-200 K) were all purchased from Aldrich and used as received.
Synthesis of semi-interpenetrating polymer networks (semi-IPNs)
Semi-interpenetrating polymer networks constituted by linear alginate and crosslinked PNiPAAm were obtained by polymerizing N-AAm (0.65 mol L
À1
) and Bis in an alginate aqueous solution. Solutions were poured out into Petri dishes and allow reacting at room temperature for 24 h. Two series with the same degree of crosslinking of PNiPAAm (mol BIS /mol N-AAm ¼ 3%) and different alginate concentrations were synthesized, series I with 0.5 wt% sodium alginate (Alg0.5-PNiPAAm) (mol alginate / mol PNiPAAm ¼ 0.04) and series II with 1 wt% sodium alginate (Alg1-PNiPAAm) (mol alginate /mol PNiPAAm ¼ 0.09).
Synthesis in situ of iron oxide NPs
Cylindrically shaped specimens of 20 mm in diameter were cut from the Alg-PNiPAAm samples and immersed in 200 mL aqueous solution containing 2.1 g FeCl 2 *4H 2 O and 5.8 g FeCl 3 *6H 2 O under constant N 2 bubbling during 4 h. After that period of time, yellowish gels were obtained and immersed in a 0.5 M NH 3 (30 wt%) under constant N 2 bubbling during 30 min. The resulting black gels were washed with distilled water for 24 h.
The procedure was repeated up to three times. The resulting gels were designated as FeAlg-PNiPAAm (1c), FeAlg-PNiPAAm (2c) and FeAlg-PNiPAAm (3c) where the numbers in brackets denote the number of oxidation cycles.
The iron oxide NPs volume fraction, F NPs can be obtained by employing the density of the magnetite, r Fe3O4 (r Fe3O4 ¼ 5.24 g cm
À3
) as an approximation so that:
where W NPs is the NPs weight fraction obtained from thermogravimetric experiments performed on dried samples where the residual weight at 950 C was taken as the indication of the iron oxide content. 20 The density of the ferrogels, r f , r f ¼ (M dry Â r H 2 O )/(M s À M dry ), was obtained from the weights of the dried gels, M dry , and swollen gels, M s . The data corresponding to F NPs are all reported in Table 1 .
Swelling measurements
Ferrogels swollen to equilibrium in distilled water were weighed (M s ) and then they were dried at 70 C and weighed again to obtain the dry mass of the total ferrogel (M dry ). The total water content, W t , was calculated according to the equation:
where M NPs is the mass of iron oxide nanoparticles in the ferrogels obtained from thermogravimetric analysis of dried ferrogels. 20 
Confocal Raman spectroscopy
Raman spectra were collected using a Renishaw InVia reflex Raman microscope. The Raman scattering was excited with a 785 nm near-infrared diode laser. A 100Â, NA90 objective lens was used, giving a laser spot diameter of $1 mm and the sampling depth is estimated to be around 1.5 mm (half-width of the confocal depth profile for a silicon wafer). In order to avoid thermal decomposition/degradation of the samples, laser intensity at the sample was reduced to 0.5-1%. Spectra were obtained for a 20 s exposure of the CCD detector in the region 100-1800 cm À1 using the extended scanning mode of the instrument and the number of data acquisition cycles that make up the measurement was 2. Raman spectra, were recorded and subsequently analysed by using Wire software (Renishaw).
Oscillatory shear measurements
Oscillatory shear measurements were performed in a TA Instruments AR1000 Rheometer, using the parallel-plate shear mode to measure the storage modulus, G 0 , the loss modulus, G 00 and the loss tangent, tan d. The operating conditions were the following: frequency between 0.1 and 10 Hz, plate diameter 20 mm, temperature 20 C and torque 30 mN m. The linear viscoelastic region was located with the aid of a torque sweep. All the viscoelastic measurements were performed on hydrogels swelled to equilibrium in deionized water.
Ultra small angle X-ray scattering (USAXS)
Ultra small angle X-ray scattering (USAXS) studies were performed at the ESRF's ID02 high-brilliance Beamline, 23 with a Bonse-Hart (BH) camera. The BH set-up consists of a doublecrystal diffractometer. The crystals are channel-cut, and the beam bounces 3 times on them. The sample is placed between the two crystals; the second of them (analyzer) acts as an angular slit, and it is scanned though the scattering cone of radiation. A second analyzer crystal is placed before the detector with reflection planes perpendicular to the first analyzer, in order to correct the scattering for long-slit smearing effects. The detector used was an 0-dimensional avalanche photo-diode, which recorded count values for every analyzer position. The scattering vector is related to the scattering angle q as q ¼ 4p sin (q/2)/l, where l is the wave-length of the incoming radiation. The analyzer crystal rocks along the q scattering angle in a logarithmic scan. The detector follows the rocking angle accordingly.
The X-rays were produced with two undulators in tandem, by electrons at 6 GeV in the ESRF's synchrotron storage ring. The beam was focused, collimated and monochtomatized to 12.46 keV (l ¼ 1 A). The total scattering vector (q) explored spans from 10 À4 to 2.10 À1 A
À1
, in the USAXS range. A set of aluminium attenuators is used to automatically control the irradiation of the sample.
The samples were kept at room temperature and constant moisture between thin KaptonÔ foils in sealed aluminium sample holders. The measurements were performed in 110 intensity measurement points of 1 s exposure time, at each q position of the crystal.
The scattering patterns were normalized to the maximum of the transmission at the sample and subtracted from the empty cuvette and the rocking curve of the crystals.
Results and discussion
Molecular composition of iron oxide nanoparticles
The Raman spectrum corresponding to the samples Alg0.5-PNiPAAm and FeAlg0.5-PNiPAAm (1c) are shown in Fig. 1 . The main bands appearing in the Alg0.5-PNiPAAm spectrum are listed in Table 2 . Based on assignments in the literature, 24, 25 the bands in the Alg0.5-PNiPAAm spectrum correspond to the PNiPAAm component. No bands corresponding to alginate are observed, most likely due to the low alginate concentration of the sample with respect to the PNiPAAm component. Regarding the sample FeAlg0.5-PNiPAAm (1c), three new bands at 380, 502 and 630 cm À1 appear in the Raman spectrum in addition to the bands located at 670 cm À1 and at 710 cm À1 corresponding to magnetite and maghemite respectively. 26, 27 The first two bands detected can be assigned to maghemite in good agreement with literature whereas the presence of the third band at 630 cm À1 is a clear indication of the formation of iron oxide hematite (a-Fe 2 O 3 ), a potential product of magnetite oxidation. 28 It has been recently shown that the excessive exposure of magnetite to laser radiation, during a Raman measurement, can generate hematite although the required laser power threshold values differ widely since they strongly depend on operating conditions. So in order to prevent this effect, Raman spectra were taken at low laser power values and exposure times, not observing any significant variation of hematite/magnetite ratio with time. In addition, it is well established that if this iron oxide, a-Fe 2 O 3 , were formed during the laser exposition of magnetite occurring during the Raman experiment, the characteristic peaks of magnetite would shift to lower frequencies and the band at 670 cm À1 would disappear. 29 Instead, in Fig. 1 , we do not observe any shift on the magnetite bands and the band at 670 cm À1 is very intense, thus the formation of hematite is previous to the Raman experiment. The oxidation of magnetite to hematite occurring in the sample with 0.5 wt% sodium alginate suggests that part of the iron oxide NPs formed are not effectively protected by the polymer matrix and thus they are more prone to oxidation. It is worthy of remark that recent confocal Raman experiments performed on the sample containing 1 wt% alginate and subjected to one oxidation cycle, FeAlg1-PNiPAAm (1c), only showed the simultaneous formation of magnetite, Fe 3 O 4 , and maghemite, g-Fe 2 O 3 and the presence of hematite, a-Fe 2 O 3 , was not ascertained.
20
Raman spectra corresponding to Alg-PNiPAAm semiIPNs containing iron oxide NPs do not allow us to demonstrate the presence of interactions between the iron oxide NPs and the polymer matrix that are more likely to involve the alginate functional groups due to the low alginate concentration of the sample with respect to the PNiPAAm component. Therefore, swelling and viscoelastic measurements will be employed in order to infer the presence of these interactions and the results will be presented in the next section.
Swelling and viscoelastic properties
The water content, W t , as a function of the iron oxide NPs volume fraction (F NPs ) is represented in Fig. 2 . As can be observed, independently from the number of oxidation cycles, the water uptake is larger for samples corresponding to series I (0.5 wt% alginate). This might explain the higher iron oxide content found for these samples compared to samples corresponding to series II (1 wt% alginate) (see Table 1 ). In fact, the process of formation of iron oxide NPs involves the diffusion of ferrous/ferric ions into the polymer matrix and their subsequent in situ precipitation by an alkaline solution. This process basically depends on the swelling capacity of the hydrogel which in turn varies as a function of the chemical composition of the gel, in this case with the alginate content. Therefore it is expected that the higher the water uptake is, the more iron oxide NPs will be formed. Fig. 2 also shows that for both series, the introduction of nanoparticles within the polymeric network strongly modifies the swelling properties. For series I (0.5 wt% alginate content), the in situ synthesis of iron oxide NPs increases the water uptake. This is a consequence of the large osmotic pressure that results from the difference in ionic concentration between the external solution and the bulk gel. 30 On the contrary, the presence of iron oxide nanoparticles in series II (1 wt% alginate content) entails a decrease of water uptake. Such a decrease in the total water content, might be attributed to effective interactions between the NPs and the polymer matrix. 31 These interactions may arise from the alginate carboxylic groups that would act as iron-binding and later oxidation sites of iron cations to iron oxide nanoparticles. 32 Taking into account that the number of carboxylic groups is double and the iron oxide NPs volume fraction is lower in series II than in series I, it could be hypothesized that for series II most of the iron oxide NPs interact with the polymer matrix.
33,34
In order to indirectly verify the proposed interactions between the polymer matrix and the iron oxide nanoparticles, oscillatory shear measurements were carried out on swollen hydrogels of series I and II. As a representative example, Fig. 3 shows the elastic and the loss modulus obtained for the sample Alg1-PNiPAAm and FeAlg0.5-PNiPAAm (1c) as a function of frequency. To be considered a gel, the system must meet some requirements according to its rheological behaviour:
35 (i) its dynamic elastic modulus (G 0 ) must be relatively independent of the frequency of deformation and (ii) G 0 must be greater than G 00 at all frequencies. These two characteristics are observed in Fig. 3 where both samples present a gel-like behaviour at T ¼ 20 C which is characterized by the frequency-independence of G 0 and G 00 , being G 0 higher than G 00 at all frequencies. In addition, the elastic modulus, G 0 corresponding to the sample FeAlg1-PNiPAAm (1c) containing iron oxide nanoparticles is higher than the elastic modulus, G 0 0 of the sample Alg1-PNiPAAm without iron oxide NPs. Therefore, the introduction of iron oxide NPs reinforces the polymeric matrix mechanically as reported for other polymeric matrixes with colloidal nanoparticles.
36-38
The reinforcement factor (G 0 /G 0 0 ) as a function of the iron oxide NPs volume fraction for series I and series II is depicted in Fig. 4 . As can be observed, for both series, the reinforcement of the network induced by the introduction of iron oxide NPs increases with the volume fraction of iron oxide NPs in the gel. Nevertheless, the ratio (G 0 /G 0 0 ) increases much more sharply for the samples corresponding to series II than for the samples corresponding to series I. In fact, the slope obtained from the linear fitting of the plot corresponding to series I yields a slope of 1.06 AE 0.54, which is $2.5-fold lower than the corresponding to the samples of series II (slope ¼ 2.76 AE 0.43).
In series I this result would indicate the absence of an effective interface between the polymer matrix and the iron oxide nanoparticles suggesting the lack of effective interactions between them as previously demonstrated through swelling experiments. In fact, as it is widely reported, the establishment of interactions between nanoparticles and the polymer matrix greatly influences the mechanical properties of filled polymers. [39] [40] [41] In this sense, samples corresponding to series II (1 wt% alginate) seem to present a better adhesion of the filler particles with the polymer matrix and hence the presence of interactions can be inferred.
In order to gain further insight into the relationship between the NPs content and the reinforcement of the ferrogels, we compared the experimental values represented in Fig. 4 with the values predicted by the well known Einstein equation:
This equation was initially derived to explain the viscosity of suspensions of rigid spherical inclusions but it can be employed for composite systems, mainly elastomers 43 and to model the reinforcement of elastic modulus in ferrogels due to filler particles. 37 Eqn (3) is valid for rigid spherical particles at small concentrations, under the assumption that there is perfect adhesion at the interface and the properties of each phase are everywhere identical to those in the bulk. We found that the values predicted by eqn (3) for the ratio (G 0 /G 0 0 ) underestimates the experimental values depicted in Fig. 4 which might be due to the presence of aggregates as demonstrated for other nanocomposite polymer systems 44 and that it will be demonstrated for our systems later on through USAXS experiments.
Structural organization
In order to investigate the structure exhibited by iron oxide nanoparticles, USAXS measurements were carried out. Fig. 5 shows the scattering patterns of samples corresponding to series I (0.5 wt% alginate) along with a representative transmission electron microscopy (TEM) image corresponding to the dried sample FeAlg0.5-PNiPAAm (1c). The scattering patterns of samples corresponding to series II (1 wt% alginate) are depicted in Fig. 6 . The insert in this figure shows a representative TEM image corresponding to the dried sample FeAlg1-PNiPAAm (1c). Interestingly, none of the samples under study present a scattering peak which indicates the absence of interactions between aggregates.
44
Porod and Guinier regimes can be combined in a single equation which describes the scattering, I(q) of any morphology containing a random distribution of structure: 45, 46 
where G and B are exponential prefactors, R g is the radius of gyration, erf is the error function and P is the Porod exponent. Eqn (4) can be extended to describe an arbitrary number of interrelated structural levels, known as the unified model 45, 47 according to:
where i ¼ 1 refers to the largest-size structural level. In our case we can consider i ¼ 1 as a large structure contributing to the excess of scattering at low q-values, corresponding to the agglomerates formation, the next level of structure, i ¼ 2, would correspond in our case to the structural parameters corresponding to the aggregates. Last, a third structural parameter i ¼ 3 would correspond to the scattering of primary iron oxide NPs.
The scattering data corresponding to series I and II are welldescribed by the unified fit as can be observed in Fig. 5 and 6 . As a representative example, Fig. 7 shows the component curves of the global unified fit for the sample FeAlg0.5-PNiPAAm(1c). At high q (q > 0.03 A À1 ), the scattered intensity decays following a power-law (Porod's law (I(q) ¼ B porod q
À4
). The Porod exponent, P is $4 for all the samples under study which indicates that the iron oxide NPs develop smooth and sharp interfaces with the polymer matrix (dashed line). This first power-law (Porod regime) is followed at lower q by a knee-like decay (Guinier regime) (dotted lines). This knee-like decay in intensity reflects the structural size of primary particles. The scattering for this regime follows Guinier's law:
where G is the Guinier prefactor and R g is the radius of gyration. A second Guinier regime can be plotted that reflects the size of the aggregates. From eqn (6), the radius of gyration of the primary particles, R g3 and the radius of gyration of the aggregates, R g2 can be derived. The slope of the weak power-law decay between the two Guinier knees is directly related to the mass fractal structure of the aggregates by:
where D f is the mass-fractal dimension and B 2 is the law prefactor. A third power-law regime is shown at q < 10 À3 A À1 which describes agglomerates. For this structural level, the upturn at q < 2 Â 10 À4 A À1 is well fitted by considering the contribution of the radius of gyration of the agglomerates, R g1 according to eqn (6) . However, the q range is not wide enough for the appropriate study of this larger structure. Table 3 shows the power law exponents for the different structural regimes exhibited by the iron oxide nanoparticles inside the Alg-PNiPAAm semi-IPNs determined from leastsquares fits to eqn (5) for the scattering data shown in Fig. 5 and  6 . Regarding the mass-fractal dimension, D f , for both series it increases from À1.74 to À1.91 when the number of oxidation cycles is increased from 1 to 3. These values confirm that the primary particles are organized into fractals and that the structure is more compact as the iron oxide NPs volume fraction increases. No appreciable differences are obtained between both series which suggest that the primary particle organization in fractal structures does not depend on the alginate content. On the contrary, a big difference is observed when low-q power law exponents, that is to say the fractal exponent corresponding to agglomerates are compared for both series. The exponents obtained for samples corresponding to series I (0.5 wt% alginate content) lay between $2.48 AE 0.06 and 2.61 AE 0.07. Meanwhile, low-q power law exponents obtained for samples corresponding to series II (1 wt% alginate content) varies from À4.09 AE 0.08 to À3.45 AE 0.09 as the number of oxidation cycles, and hence, the iron oxide volume fraction increases. From these values, it can be inferred the existence of compact agglomerates not exhibiting a fractal structure in the case of samples corresponding to series II. Instead, the low-q power law exponents exhibited by samples corresponding to series I, with values $2.48-2.61 are characteristic of fractal structures. This fractal character could result from the presence of larger agglomerates exhibiting rougher surfaces or else, from the processes of oxidation taking place during the reaction conditions as determined through confocal Raman spectroscopy.
From the determination of the fractal dimension of the aggregates, the aggregation number N agg can be extracted as follows:
where R agg and R NPs denote the radius of the aggregate and of the iron oxide NPs, respectively and D f the fractal dimension.
48
The values of R NPs where obtained from Guinier plot, Ln I(q) vs. q 2 and constitute a fixed parameter in equation. R agg is a parameter extracted from the fitting to eqn (5). By assuming the particle shape to be a sphere, the diameter of the particle D is calculated by: For polydisperse spheres, the standard deviation can be obtained directly from the three unified fit parameters, so that:
(10) Table 4 shows the obtained values for D agg , D NPs and N agg . As can be observed, D NPs extracted from the Guinier radius, do not depend either on the application of oxidation cycles nor on the alginate content and for all the samples a value around 20 nm is obtained. Differences between both series arise when D agg corresponding to both series are compared. In the case of samples of series I (0.5 wt%), D agg increases with the iron oxide volume fraction, and hence with the repetition of oxidation cycles, therefore, the aggregation number increases from 26 in the sample subjected to one cycle to 466 in the sample subjected to three oxidation cycles. By contrast, D agg does not change appreciably in the case of samples of series II (1 wt%). This is reflected in the aggregation number that remains almost constant with the oxidation cycles. These results shows that in the case of samples of series II (1 wt% alginate), the application of oxidation cycles results in an increase of the number of aggregates without changing their size whereas in the case of samples of series I (0.5 wt% alginate), it results in an increase of the size of aggregates.
Conclusions
Iron oxide NPs were synthesized in situ by using semi-interpenetrating polymer networks of alginate and poly (N-isopropylacrylamide) as templates for the reaction of oxidation of iron cations in alkaline media. The analysis of the iron oxide NPs molecular structure by means of confocal Raman spectroscopy revealed the formation of hematite, formed by oxidation of magnetite which occurred previous to the Raman experiment in samples with a 0.5 wt% alginate content. On the contrary, iron oxide NPs synthesized in semi-IPNs with a 1 wt% alginate content were found to be a mixture of magnetite and maghemite. These results indicated that the iron oxide nanoparticles synthesized in semi-IPNs with lower alginate content were more prone to oxidation. Independently from the number of oxidation cycles, the amount of iron oxide NPs was found to be higher for the samples with lower alginate content which was attributed to the higher water uptake observed for these samples.
Analysis of the results showed that for samples with a 1 wt% alginate content, the establishment of effective interactions between the polymer matrix and the iron oxide NPs prevents on the one hand their oxidation and, on the other hand, induces a larger reinforcement of the network. USAXS experiments proved the absence of large aggregates for these samples and that their size does not vary with the repetition of oxidation cycles. On the contrary, the low reinforcement induced by the presence of iron oxide NPs synthesized inside semi-IPNs with a 0.5 wt% alginate content determined through rheological measurements suggests that for these samples, iron oxide NPs are simply 'packed' into the polymer matrix without interaction with the polymer matrix. As a consequence, the formation of larger aggregates is favored and the aggregation number increases with the number of oxidation cycles. 
